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We present temperature-dependent V-2p and O-1s x-ray-absorption spectra of LiVO2. The aim of this
study is to monitor changes in electronic structure on going through the phase transition. The spectral changes
turn out to be very small: the V-3d–O-2p hybridization does not change considerably, and the symmetry of
the V-ion ground state ~high-spin 3T1) is retained. To explain our results, together with the anomalously low
magnetic susceptibility below the transition temperature, we propose a model in which a three-orbital sublattice
is formed in the V ~111! planes, which results in a total singlet state. @S0163-1829~97!00623-1#I. INTRODUCTION
In this paper, we present an x-ray-absorption spectroscopy
~XAS! study of the changes in the local electronic structure
at the phase transition in LiVO2. Through the years, vana-
dium oxides have attracted much attention because of their
interesting electronic and magnetic properties. In many va-
nadium oxides, phase transitions occur as a function of tem-
perature or pressure. By far the most famous example is
V2O3, showing a metal-insulator transition1 with a conduc-
tivity change of a factor of 107, whose origin is still contro-
versial after 50 years. Though less extensively studied, the
phase transition in LiVO2 also is very interesting because of
the peculiar magnetic behavior,2 and in the literature several
explanations3–6 have been proposed. We will show that our
temperature-dependent XAS studies provide useful informa-
tion concerning the electronic structure, and discuss the re-
sults in the light of the proposed transition mechanisms.
LiVO2 has an ordered rocksalt structure with Li, V, and
O occupying alternating ~111! cubic planes.7 Because the Li
layers are highly ionic, the material can be regarded as quasi-
two-dimensional, with V31 (d2) ions forming two-
dimensional ~2D! hexagonal layers. LiVO2 exhibits a first
order phase transition2 at around Tt5500 K, with a peculiar
change in magnetic properties. Above Tt , the compound is
paramagnetic, showing a Curie-Weiss susceptibility x
}C/(T1Q) with a very large negative Q521800 K, cor-
responding to a large antiferromagnetic coupling. Below
Tt , a virtually nonmagnetic phase is present, with no sign of
long range magnetic order, and with a very low residual
susceptibility attributed to V41 impurities. The material re-
mains semiconducting in both phases.8
A very obvious mechanism for the phase transition is the
occurrence of a high-spin–low-spin transition at Tt due to a
crystallographic distortion. For LiVO2 this mechanism has
not been discussed in the literature yet, but it is thought to be
the driving force of the phase transition in, e.g., LaCoO3550163-1829/97/55~23!/15500~6!/$10.00~Refs. 9 and 10!. Above Tt , each V ion is surrounded by six
oxygen ions in, approximately, OH symmetry: this splits the
3d states in a threefold degenerate t2g and a doubly degen-
erate eg
s level. In the low-temperature phase the symmetry is
lowered to C3v and the t2g splits into an a1 and a doubly
degenerate eg
p level. In the case that the a1 level is lower in
energy and the distortion is large, the trigonal component of
the crystal field splitting, D t5E(egp)2E(a1g), could be
large enough to overcome the Hund’s rule exchange energy
JH . In this case, the local magnetic moment would be
quenched and a nonmagnetic state would occur.
A more subtle explanation was proposed by
Goodenough:3 because of the trigonal lattice distortion below
Tt , with an increase in the c/a ratio,11 he attributed the
anomalously low susceptibility to the formation of trimers.
The nonmagnetic behavior would be due to molecular orbital
~MO! formation in the basal plane leading to a singlet
ground state. The transition was attributed to the comparable
size of the bandwidth W and the Coulomb repulsion energy
U ~Ref. 12!. The condition W'U , related to a critical metal-
metal distance Rc , would imply a lattice instability, with a
crossover from a localized (W,U) to a delocalized regime
(W.U) on decreasing the temperature through Tt . If we
would go to the uncorrelated MO limit, i.e., W@U , it is
obvious that a triangle with six electrons would form an
S50 ground state. In this limit also the local spin would be
quenched.
The assumed formation of trimers is supported by x-ray
diffraction data by Cardoso,13 which shows weak superlattice
reflections below Tt corresponding to a supercell with
a85A3a . Also recent extended x-ray-absorption fine
structure14 and 51V NMR ~Ref. 15! studies are consistent
with a displacement of the V ions. On the basis of their NMR
data, Onoda et al.5,6 pointed out that the phase transition
would be best described as a spin Peierls like distortion into
trimers. In this picture, a triangle of three spin triplet ions are15 500 © 1997 The American Physical Society
55 15 501PHASE TRANSITION IN LiVO2 STUDIED BY NEAR- . . .coupled in a nearest neighbor Heisenberg fashion. With an
exchange constant between the spins in the cluster much
larger than that between the spins in neighboring clusters,
this would result in a total spin S tot50 ground state for the
trimer.
In order to get more insight in the electronic structure of
LiVO2 and its changes on going through the phase transi-
tion, we studied the V-2p and O-1s spectra as a function of
temperature. The O-1s spectrum gives information about the
degree of V-3d–O-2p covalency, while the V-2p spectrum
probes the local ground state symmetry of the V ion.
II. EXPERIMENTAL DETAILS
The XAS measurements were carried out at the AT&T
Bell Laboratories ‘‘Dragon’’ high-resolution soft-x-ray beam
line16 at the the National Synchrotron Light Source,
Brookhaven. In this experiment, the energy resolution of the
monochromator was approximately 0.15 eV. The energy
scale was calibrated using NiO, for which the O-1s white
line energy is known accurately from high-energy electron
energy loss spectroscopy.17 The base pressure in the measur-
ing chamber was 2310210 mbar. The x-ray-absorption was
measured in the total electron yield mode and also in the
fluorescence yield mode. The spectra were normalized to the
total absorption intensity between 510 and 560 eV, after sub-
traction of a constant background (;20% of the maximum
absorption!.
Polycrystalline samples of LiVO2 were prepared in two
steps. The starting materials V2O5 and Li 2CO3 were mixed
in demineralized water, with a molar ratio Li/V51.05. After
CO2 was released, the light green solution was concentrated
by evaporation and the residue was ground in an agate mor-
tar. x-ray diffraction ~XRD! measurements showed that the
powder consisted mainly of LiVO3, with a small content of
Li 3VO4. The material was pressed into pellets and reduced
in flowing H2 at 1073 K. From 673 K to 1073 K, the tem-
perature was increased slowly ~1 K/min! to prevent melting
of the starting material. The total reaction time was 24 h.
According to XRD the reaction product was a single phase
LiVO2. After preparation, the samples were stored in argon
atmosphere to prevent degradation by oxygen or water.
For the x-ray-absorption measurements, a sample was
fixed on a copper plate using stainless steel strips. In order to
obtain a clean surface, the sample was scraped in situ with a
diamond file and annealed in 1 torr H2 at 525 K for 1 h. This
procedure is necessary to remove contaminants from the sur-
face and to restore the stoichiometry of the surface. It is
known that LiVO2 is very air sensitive:18 on exposure to air,
the surface is quickly oxidized and lithium is extracted from
the bulk. However, this process can be reversed by annealing
the material in H2 ~Ref. 18!. The effectiveness of this clean-
ing procedure was verified by the fact that the O-1s x-ray-
absorption spectrum taken using the relatively surface sensi-
tive total electron yield method ~with a probing depth of
;100 Å! is very similar to that using the bulk sensitive
fluorescence yield technique ~with a probing depth of
;2500 Å, Ref. 19!. Although the fluorescence spectra are a
good check for the sample quality, they are not very suitable
for a detailed analysis, because of self-absorption effects.
This leads to a distorted spectrum, in particular, at the V-2p edge. The yield is reduced considerably, near-edge fea-
tures appear more pronounced, and many details are lost. For
this reason, we performed the temperature-dependent mea-
surements discussed in the next section using the total elec-
tron yield mode.
The temperature-dependent measurements were carried
out in steps of 25 K in the range 298–548 K. The heating
cycle was repeated to ensure reproducibility of the spectra.
The temperature was monitored by means of a thermocouple
placed near the sample. After the experiment, the sample was
checked by XRD. The XRD pattern appeared to be identical
to that of the freshly prepared material; this precludes the
possible formation of the LiV2O4 spinel phase due to non-
stoichiometry, as observed by de Picciotto and Thackeray.20
III. RESULTS AND DISCUSSION
A. Vanadium 2p XAS
Figure 1~a! shows the V-2p near-edge x-ray-absorption
spectra below (T5473 K! and above Tt (T5523 K!. Be-
tween 298 K and 473 K the spectra are virtually identical;
however, between 473 K and 523 K ~which includes Tt)
small but clear changes occur. We note a small difference in
the near-edge structure at 512 eV, and the appearance of a
dip in the main L2 peak ~520–525 eV! above Tt , as if the
spectrum becomes sharper. Because the changes appear to be
reversible in subsequent temperature cycles, and because
they occur only in a small temperature range around Tt , we
attribute them to the phase transition. A temperature-
dependent phonon broadening mechanism can be safely ex-
FIG. 1. ~a! Total electron yield V-2p XAS spectra of LiVO2
taken below and above Tt . The solid line and the sticks give the
theoretical spectrum obtained from a cluster calculation. ~b! Cluster
calculations including a trigonal crystal field component D t . The
high- to low-spin transition occurs for 1.7,D t,1.8 eV.
15 502 55H. F. PEN et al.cluded because the spectrum for temperatures slightly above
Tt is sharper than that for temperatures slightly below Tt .
The V-2p near-edge x-ray-absorption spectra are mainly
determined by on-site V 2p!3d transitions. The main split-
ting into the L2 (2p1/2) and L3 (2p3/2) edge is due to the
spin-orbit interaction of the 2p core hole. To interpret the
experimental spectra, we carried out a cluster calculation
which includes the full atomic multiplet theory, using a pro-
gram developed by Thole et al.21 The model calculation in-
volves a VO6 cluster in OH symmetry, and treats explicitly
the strong hybridization between the V-3d and O-2p orbit-
als, as well as the on-site electron correlation effects.
The model has the following parameters as input: the O-
2p–V-3d charge transfer energy D , the 3d-3d Coulomb re-
pulsion U , the V-2p–V-3d Coulomb interaction Q , the OH
crystal field 10Dq , and the Slater Koster integrals (pds) and
(pdp) for the V-3d–O-2p hopping, and (pps) and
(ppp) for the O-2p–O-2p hopping. Values for the param-
eters D , U , (pds), and (pdp) were estimated from
experimental22 and theoretical23 values for V2O3, a com-
pound with similar V valence, V-O atomic distances, and
local O coordination around the V ion. The spectrum de-
pends on Q and U mainly by the presence of satellite struc-
tures for QÞU ~Ref. 24! at the high-energy side of the spec-
trum. Because these satellites are obscured by the O-1s edge
in V compounds, we could not optimize the difference
Q2U and we took therefore Q5U . The various multiplet
interactions are reduced to 80% of the atomic Hartree-Fock
values to account for intra-atomic relaxation effects.25 Only
the OH crystal field 10Dq is treated as an optimization pa-
rameter. The parameter values are listed in Table I.
The sticks in Fig. 1~a! show the theoretical transition
probabilities. The solid line is the calculated spectrum, ob-
tained by applying a Gaussian and Lorentzian broadening of
0.15 eV and 0.2 eV, to account for experimental resolution
and lifetime, respectively. The calculated spectrum is in
good agreement with the experimental spectra, especially for
the high-temperature case, where a dip in the L2 edge is
present. The discrepancy between theory and experiment
could be due to the state dependent lifetime broadening,26,27
which cannot be taken into account in a unique way. Due to
the possibility of Coster-Kronig decay, the L2 edge is
broader than the L3; also within the two main edges, the
lifetime of the final states increases considerably with en-
ergy.
The most striking result of Fig. 1~a! is that both the high-
and low-temperature spectra can be simulated very well by
the same theoretical spectrum in which the ground state sym-
metry is the high spin 3T1. This indicates strongly that the
phase transition is not accompanied by a symmetry change
of the ground state. It is important to note here that an x-ray-
absorption spectrum is very sensitive to the symmetry of the
TABLE I. Parameters used in the cluster calculation of the V-
2p and O-1s x-ray-absorption edges. All values are in eV. The
charge transfer energy D is defined with respect to the lowest mul-
tiplet state.
U54 D54 Q54 10Dq51.3
(pds)522.2 (pdp)51.1 (pps)2(ppp)50.5ground state, because the absorption process is governed by
dipole selection rules, which allow only a part of the possible
final state 2p53dn21 multiplet intensities to be reached from
the dn ground state. So, if the ground state symmetry of the
V ion would have changed, for instance, from high to low
spin, then we would have seen quite a drastic change of the
V-2p spectrum.
To illustrate this sensitivity of the technique to symmetry,
we show in Fig. 1~b! first of all the result of the cluster
calculation in the ionic limit, i.e., excluding the hybridization
with O ligand states ~10Dq is increased to 1.8 eV, to partly
compensate for the omitted covalency with the ligands!. The
ground state in the ionic limit is also high-spin 3T1. It can be
clearly seen that this spectrum is very similar to the spectrum
of the full cluster model, illustrating that symmetry is more
important for the spectral line shape than hybridizational ef-
fects, even in strongly covalent V compounds. To simulate
the questioned high- to low-spin transition, we now have to
include a trigonal component D t in the crystal field in our
calculations. The results are shown in Fig. 1~b! for different
values of D t , where the high- to low-spin transition occurs
for D t between 1.7 and 1.8 eV. It is quite remarkable that the
spectrum for a D t value as large as 1.7 eV ~high spin ground
state! still has a resemblance to that for the undistorted OH
situation ~i.e., D t50.0 eV!: despite the apparent differences
in the spectra, most of the peaks and shoulders in the
D t50.0 eV spectrum can still be clearly recognized in the
D t51.7 eV spectrum. For the D t51.8 eV case ~low spin
ground state!, however, the spectrum is completely different:
new peaks show up at quite different energies. A small
change in D t , from 1.7 to 1.8 eV, causes a sudden and dras-
tic rearrangement of the spectral intensities. This demon-
strates that the x-ray-absorption spectrum will not be essen-
tially altered by a trigonal distortion, as long as the ground
state symmetry is preserved. Based on the experimental ob-
servation that the changes in the x-ray-absorption spectrum
are very small ~see Fig. 1!, we can safely conclude that the
low susceptibility of LiVO2 below Tt is definitely not due to
a low-spin state. From a more theoretical point of view, such
a high- to low-spin transition should also not be expected
since this would require an unphysically large trigonal dis-
tortion. Because the low-spin spectrum is completely differ-
ent from the high spin one, we can also conclude that the d
electrons are still considerably localized. A large delocaliza-
tion would lead to a mixing in of the low-spin configuration,
which would strongly affect the V-2p spectrum.
In our view, the most plausible explanation for the
changes in the V-2p spectra is a small change in the V-
3d-3d hybridization. Above Tt , the atomic approximation is
very good; this is also concluded from the high-temperature
magnetic susceptibility, which is in agreement with a para-
magnetic phase and a local spin moment close to the atomic
value.11 However, below the transition temperature, V-3d-
3d hopping integrals are increased due to a shorter V-V dis-
tance, as pointed out by Goodenough.3 Nevertheless, the
low-temperature spectrum is still in good agreement with the
atomic multiplet calculation. Therefore we conclude that the
formation of trimers does not lead to a strong change of the
3d electron localization. In other words, the on-site V-3d-
3d Coulomb interactions remain much larger than the V-
3d-3d hopping integrals.
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2p spectrum for a V triangle. Nevertheless, we can argue
that delocalization of the V-3d electrons would lead to sig-
nificant changes in the V-2p XA spectrum, because configu-
rations of different symmetries will mix into the ground
state. In the extreme limit, i.e., complete delocalization into
uncorrelated MO’s, the weight of the 3T1 symmetry configu-
ration is strongly reduced: by projecting the MO wave func-
tion onto the atomic multiplet states,28 one can show that this
weight is only 3/16. Considering the large number of sym-
metry configurations contributing to the MO ground state,
one can expect that the resulting spectrum is going to be very
broad, probably similar to the 2p edge of metallic titanium
or vanadium.29 Certainly, it will be completely different from
the 3T1 spectrum from Fig. 1. Of course, we expect a
gradual change in the V-2p XA spectrum on increasing the
d-d hybridization ~or the bandwidth W) with respect to U .
Therefore, an absolute classification of the 3d electrons as
being ‘‘localized’’ or ‘‘delocalized’’ is not possible from the
XA spectrum only. Nevertheless, because of the apparent
validity of the atomic multiplet approximation we believe
that the V-3d electronic wave function is close to the local-
ized limit.
B. Oxygen 1s XAS
Figure 2~a! shows the O-1s x-ray-absorption spectra be-
low (T5473 K! and above (T5523 K! the transition tem-
perature. The O-1s XA spectrum probes the unoccupied
states of oxygen p character, because of the dipole selection
rule and the local character of the x-ray-absorption process.
The near-edge region, shown in Fig. 2, is attributed to states
with mainly V-3d character, hybridized with O-2p states.
The x-ray-absorption final state of the O 1s!2p transition
appears to be less localized than that of the V 2p!3d tran-
sition. This gives rise to considerable dispersional broaden-
ing, leading to a spectral shape without much detail. As is the
case for the V-2p edge, the differences in going through the
phase transition are very small. The feature at 533 eV seems
to be more pronounced above Tt .
FIG. 2. ~a! Total electron yield O-1s XAS spectra of LiVO2
taken below and above Tc . ~b! Near-edge region of the O-1s spec-
tra, compared to a cluster calculation. The sticks indicate the theo-
retical transition probabilities.Multiplets are also important for a correct description of
the O-1s near-edge structure. To illustrate this, the experi-
mental spectra are compared to the results of a model calcu-
lation on a VO6 cluster in OH symmetry, identical to that
used above for the V-2p edge. Also the parameters used in
the calculation are the same, see Table I. The sticks in Fig. 2
show that most of the essential features in the experimental
spectra are well reproduced by the model calculation. The
calculated line shape is obtained by convolution with a
Gaussian and a Lorentzian, both of 0.8 eV full width at half
maximum, in order to account for experimental resolution,
dispersion, and lifetime. Although the relative contributions
of the different effects are not accurately known, it is clear
that the total broadening is much larger than for the V-2p
spectra.
The lowest peak at 530 eV energy is assigned to transi-
tions to the t2g
3 (4A2) final state. The other peaks can be
attributed to transitions to doublet final states of t2g
3 charac-
ter, which appear at higher energy due to the on-site ex-
change interaction, and also to final states of t2g
2 eg character.
In a cluster calculation without Coulomb and exchange in-
teractions, the calculated spectrum would have consisted of
only two peaks, corresponding with transitions to t2g and
eg unoccupied states, with an intensity ratio30 of about 1:2.
So multiplet effects push part of the t2g
3 final states up in
energy, which explains the low intensity of the 530 eV peak.
Because of the broadness of the spectrum, together with
the number of parameters involved in the calculation, an
analysis of the small temperature-dependent changes is not
meaningful. However, the total spectral weight and the posi-
tion of the shoulder with respect to the main peak do not
change significantly. This means that the change in O-
2p–V-3d hybridization and the change in ligand field
strength are relatively small. The crystallographic distortion
in LiVO2 does not give rise to a strong energy redistribution
of the V-3d states, in contrast with the case of VO2 ~Ref.
31!.
C. Trimer model
From the analysis of the O 1s we conclude that V-O
interactions do not change considerably, and are probably
not a determining factor for the phase transition. The V-2p
spectra show that the local spin moment at the V ion is
S51, both above and below Tt . A high-spin–low-spin tran-
sition can therefore be ruled out. The data seem to be con-
sistent with the formation of V trimers,3 in which a triangle
of three spin triplet ions are coupled in a nearest-neighbor
Heisenberg fashion,5,6 resulting in a total spin S tot50 ground
state for the trimer.
While the latter statement is true within the Heisenberg
model, we would like to point out that the model itself
should not be applied for a transition metal ~TM! 3d2 system
because it neglects completely the orbital degeneracy of the
3d states. In a localized system this orbital degeneracy will
be lifted at low temperatures ~the Jahn-Teller effect!. This
can lead to a structural phase transition, accompanied by a
certain ordering of occupied orbitals. Such orbital ordering
need not be driven by a lattice distortion; it can also be
caused by magnetic exchange interactions.32 The strongest
effects of this kind are observed in TM compounds with a
15 504 55H. F. PEN et al.twofold eg orbital degeneracy. Recently, it was shown33 that
also in TM compounds with a t2g orbital degeneracy an or-
bital ordering is likely to occur, if the TM ions are in an
approximately octahedral crystal field and ordered along the
cubic ~111! planes. In this type of structure, orbital ordering
is a way to remove the magnetic frustration present in the
triangular TM planes.
We will now discuss the arguments of Ref. 33 in some
detail. Consider only the 3d(t2g) electrons in a degenerate
Hubbard-type model, including on-site Coulomb (U) and
exchange (JH) interactions and nearest-neighbor hopping t .
This means that we assume a system with a considerable
degree of localization and a strong Hund’s rule coupling.
However, we allow for the threefold t2g orbital degeneracy,
which is one step beyond the Heisenberg model. Further-
more, we consider only s overlap and neglect the much
weaker p overlap. This implies that each orbital hybridizes
with only two other nearest-neighbor orbitals: e.g., a dxy or-
bital hybridizes with neighboring dxy orbitals in the (110)
and ( 1¯ 1¯0) directions. This strongly nonuniform hybridiza-
tion means that a strong antiferromagnetic exchange interac-
tion can only be present between certain orbitals, i.e., those
that have s overlap. What is more, because of the orbital
degeneracy, the exchange interactions also depend on the
particular occupation of the t2g orbitals. According to the
Goodenough-Kanamori-Anderson rules,3 a strong antiferro-
magnetic interaction J}t2/U between orbitals is only present
if both orbitals are singly occupied. Otherwise, the exchange
interaction is weakly ferromagnetic or zero.
The highly nonuniform orbital hybridization, combined
with the occupation dependent exchange, leads to an inter-
esting observation. The frustration, which is present if one
considers this system as a triangular Heisenberg antiferro-
magnet, can be removed by a certain orbital ordering. Take,
for example, the ordering with the dyz and dzx orbitals singly
occupied at all atoms. With all dxy orbitals unoccupied, there
is no AFM exchange along the (110) and ( 1¯ 1¯0) directions.
Because of the orbital ordering the effective AFM exchange
interactions are only in four directions @(101), ( 1¯0 1¯),
(011), and (0 1¯ 1¯)# and no frustration is present. Another
possible orbital ordering, which turns out to have the same
mean field energy, is the one in which three orbital sublat-
tices are formed. In the different sublattices either the dxy ,
dyz or the dzx orbital is empty; the others are again singly
occupied. This ordering leads quite naturally to the formation
of three-site clusters, with a strong AFM interaction within
the clusters and only weak exchange interactions between
them.
To study the characteristics of such a three-site cluster
and to verify if the proposed orbital ordering is also favor-
able on a local scale, an exact diagonalization study for three
sites was carried out for different values of the d-d hopping
integral t . It turned out that for small t the ground state has a
total spin S tot51, with an orbital ordering as shown in Fig.
3~a!. Above a critical value of t (tc), a singlet ground state is
obtained, with a different orbital ordering. In Fig. 3~b! it is
shown that alternatingly the dxy , dyz , and dzx orbitals are
unoccupied, which is compatible with the proposed three-
sublattice ordering. Therefore we conclude that this ordering
is also favorable on a local scale, and that it leads to a non-magnetic (S tot50) ground state. From a second order pertur-
bation treatment, it can be shown that the triplet-singlet tran-
sition is due to the competition between Hund’s rule
exchange and kinetic energy; tc is approximately propor-
tional to JH . In the S tot51 state, a ‘‘spectator’’ electron
occupies a nonhybridizing orbital. With this ground state
configuration, the virtually excited states still obey Hund’s
rule; however, in the lowest S tot50 state, all hybridizing
orbitals are occupied, which turns the scale at large t .
At first sight, the concept of orbitally ordered trimers
looks quite similar to the ideas discussed before. However,
there are some subtle but important differences, related to the
mechanism of the phase transition. Note that the three-
sublattice orbital ordering is just a natural way to remove the
magnetic frustration, even without a strong lattice distortion.
A change from the W,U to the W.U regime12 or the pos-
tulation of negligible intercluster exchange interactions5,6
does not seem essential: the magnetic decoupling of trimers
follows directly from the orbital ordering. Interesting to note
is the similarity between the occurrence of a critical value of
t in the exact diagonalization of the three-site cluster, and the
concept of a critical distance Rc for delocalization.12 How-
ever, Rc is related to the Coulomb energy U via the condi-
tion W'U , while tc depends on the Hund’s rule exchange
energy JH . This reflects the difference between a crossover
from a localized to a delocalized regime, and a transition
between different orbital orderings. We note that the triplet-
singlet transition was obtained for an isolated trimer and that
the generalization of this calculation to the full lattice is far
from straightforward. However, the concept of a tc}JH sepa-
rating different orbital orderings may be more general.
IV. CONCLUSIONS
In conclusion, we have obtained new information about
the electronic structure and the phase transition of LiVO2 by
means of XAS. The spectra show that the V ions are in a
high-spin 3T1 state, not only above but also below Tt , i.e.,
that the local spin moment is retained on going through the
phase transition. The validity of the atomic multiplet ap-
proximation in describing the V-2p spectra indicates a con-
siderable degree of localization of the V-3d electrons, also
below Tt . The data also indicate that the O-2p–V-3d hy-
bridization hardly changes across Tt . We propose a mecha-
nism which starts from the commonly accepted formation of
triangular structures within the hexagonal V (111) planes,
FIG. 3. Schematic configuration of the lowest triplet ~a! and
singlet ~b! states in the exact diagonalization study. The spectator
electron is hatched. Black and white shapes depict occupied and
empty orbitals, respectively. Dashed lines represent s bonds. Note
that the wave function, depicted in ~b! at site 3, is the MS50
component of a local S51 state.
55 15 505PHASE TRANSITION IN LiVO2 STUDIED BY NEAR- . . .and which assumes strong localization of the V-3d electrons.
In a V triangle, the formation of a three-orbital sublattice can
give rise to a total singlet state, which accounts for the
anomalous low-temperature susceptibility in LiVO2.
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